Abstract: A dual-chamber anode structure is proposed in order to solve two performance problems of the conventional passive micro direct methanol fuel cell (μ-DMFC). One of the problems is the unstable performance during long time discharge. The second problem is the short operating time. In this structure, low concentration chamber is filled with methanol solution with appropriate concentration for the μ-DMFC. Pure methanol in high concentration chamber diffuses to the low concentration chamber to keep the concentration of methanol solution suitable for long-term discharge of μ-DMFC. In this study, a Nafion-Polytetrafluoroethylene (PTFE) composite membrane is inserted between the two chambers to conduct pure methanol. The experimental results during long-term discharge show that the stable operating time of passive μ-DMFC increases by nearly 2.3 times compared to a conventional one with the same volume. These results could be applied to real products.
Introduction
Along with the development of integrated circuit technology and micro electro mechanic system (MEMS) technology, portable digital products have to meet the more integrated and multi-functional
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requirements. Meanwhile, the requirements raised the qualification for power sources. However, conventional power sources are not satisfying. At this time, a new power source named micro direct methanol fuel cell (μ-DMFC) is proposed in order to meet the requirement. The μ-DMFC has significant advantages in size, weight, energy density, recharge speed and reliability. Therefore, the μ-DMFC is considered as one of the most promising new power sources and attracts a lot of favor and interest of energy industry [1] [2] [3] [4] .
In general, the μ-DMFC can operate at room temperature and use low concentration methanol solution as fuel. The principle of the μ-DMFC is shown as the reaction below:
Anode: CH3OH + H2O → 6e − + 6H + + CO2
Cathode: 3/2O2+ 6e
Overall: CH3OH + 3/2O2 → 2H2O + CO2
The water is an important reactant according to the reaction [5] [6] [7] . Conventionally, the μ-DMFC needs peristaltic pump to infuse methanol solution. However, the peristaltic pump consumes much of the energy and makes the system complicated and hard to transport. In contrast to this, passive μ-DMFCs employ a chamber to store the methanol solution and the methanol reaches the anode by convection and diffusion [8, 9] . Passive μ-DMFCs have a more compact structure and are easier to package. Thence, passive μ-DMFC has more benefits in practical application and becomes an emphasis of company, research institute and university. Many researchers devote themselves in the improvement of passive μ-DMFC. Mohammad added ionomer content in the catalyst layer of both anode and cathode to improve the performance of passive DMFC [10] . When the ionomer content was 20%, the performance was the best. The performance was proved to be higher than conventional DMFC. Cao utilized mesoporous carbons to optimize the cathode diffusion layer [11] . Experiments showed that the improved diffusion layer could accelerate oxygen transport thus increase the power density and stability. Borghei et al. presented a silicon micro fuel cell to test the durability of μ-DMFC [12] . Carbon nanotubes, carbon nanofibers, and Vulcan were all investigated. Experimental results showed that PtRu-FWNTs provided the best long-term performance. Chen used a nanofiber network catalytic layer in the anode of passive DMFC [13] . In this way, the noble metal PtRu catalyst loading decreased a lot and the performance is even slightly higher. Yuan inserted a porous metal fiber sintered plate between the fuel reservoir and current collector at the anode [14] . The performance is higher than horizontal orientation because the methanol crossover is alleviated. The methods mentioned above make great contribution to optimizing the passive DMFC.
Though the passive μ-DMFCs have been optimized a lot recently, many problems still have to be solved. The μ-DMFC's anode needs water to be a reactant and transport protons through the proton exchange membrane (PEM). Therefore, large amount of water is needed at the anode to keep the passive μ-DMFC operating normally. Though the most commonly used PEM named Nafion has good proton conductivity and chemical stability, Nafion membrane has obvious methanol crossover. The concentration of the methanol solution is 1 mol·L −1 to 2 mol·L −1 , which can prevent the methanol crossover between anode and cathode, and thus increase the performance of the μ-DMFC [15, 16] . However, storing lots of water in the liquid storing chamber in anode increases the whole volume of the μ-DMFC system and decreases the energy density. This causes two problems in conventional μ-DMFC. The first problem is the unstable performance during long time discharge and the second is the short operating time. The primary goal of this research is to solve the two problems of conventional μ-DMFC. In this paper, an anode dual-chamber structure μ-DMFC was provided. The anode dual-chamber structure was respectively filled up with low concentration methanol solution and pure methanol solution. The pure methanol solution diffused through the mass transfer blocking layer (MTBL) to the low concentration chamber (LCC). The methanol solution's concentration in the LCC would not decrease during the operation. A new Nafion-PTFE composite membrane had been proposed to be the MTBL. The investigations showed that compared to conventional μ-DMFC, the stable operating time had been greatly increased.
Theory Description
The new structure of the μ-DMFC designed in this research is shown in Figure 1 . Pure methanol is stored in the high concentration chamber (HCC) and the methanol solution which is appropriate for the μ-DMFC to operate stably is stored in the LCC. Between the two chambers is a MTBL. This layer should transport pure methanol slowly and prevent water to penetrate. In this way, the water in the LCC will be fully utilized and more pure methanol will participate in the reaction. Methanol crossover between anode and cathode is prevented because the methanol solution's concentration is suitable in LCC. The methanol's whole quantity augments and the whole volume of the μ-DMFC stays the same. The energy density increases and the μ-DMFC system is still compact. Thus, the design of the MTBL is very important. The material of MTBL has special requirements. The MTBL should be extremely hydrophobic and methanol-repellent, slowly methanol transported, thin, corrosion-resistant, stable and low cost. Currently, the most popular membrane materials in the μ-DMFC are Nafion and PTFE. The study's experiments showed that neither of them was the right MTBL. Though PTFE is strongly hydrophobic and methanol-repellent, PTFE membrane does not conduct methanol. Despite of conducting methanol efficiently, Nafion suffers strong methanol crossover and is not hydrophobic and methanol-repellent.
PTFE membrane is hydrophobic, stable and corrosion-resistant. Consequently, a Nafion and PTFE composite membrane had been proposed. PTFE membrane is surface treated to enhance the conductivity. Figure 2a shows the structure of the surface treated PTFE membrane. The round holes' diameters were 30 μm. A Nafion membrane is attached to this PTFE membrane to slow down the diffusive velocity. Figure 2b shows the Nafion-PTFE composite membrane structure of the MTBL. The design of the composite membrane structure is based on the concentration of methanol solution in LCC. The suitable concentration of the methanol solution is 1 mol·L −1 to 2 mol·L −1 (about 3 wt % to 6 wt %) according to Lu and Ge [15, 16] . Previous experimental results of this composite membrane structure are shown in Figure 3 . The methanol mass fraction reveals that this composite membrane structure can keep the concentration of the methanol solution in LCC in the appropriate range in long-term discharge. The Nafion membrane side faces the HCC and the PTFE membrane side faces the LCC. PTFE is hydrophobic and methanol-repellent. The water and methanol in LCC will not flow back to LCC through PTFE. The Nafion membrane seems to be easily metamorphosed in pure methanol during early experiments. The penetrative pressure makes Nafion form an arc into the LCC. The methanol may be easier to diffuse into the LCC and the diffusion resistance of water to flow back to the HCC may increase in this condition. A Nafion and PTFE composite membrane had been tested to validate the supposition above. 
Experimental Section
The μ-DMFC's core size was 1 cm 2 and the membrane electrode assembly (MEA) was fabricated by catalyst coated membrane (CCM). CCM process is to load catalyst on the PEM directly. The Nafion 117 membrane was employed as the PEM. Carbon supported catalyst, 40 wt % Pt and 20 wt % Ru, purchased from Johnson Matthey, Inc., was prepared to be the anode catalyst layer. Meanwhile, Carbon supported catalyst, 40 wt % Pt/C, also purchased from Johnson Matthey, Inc. (London, UK), was prepared to be the cathode catalyst layer. Both catalyst layers were loaded on commercial gas diffusion layer (0.2 mm thick non-woven carbon paper purchased from Johnson Matthey, Inc.) and the anode and cathode electrodes were completed. The PEM was sandwiched between the anode and cathode electrodes by hot pressing. The hot press machine's model was 769YP-15A made by Tianjin scientific instrument corporation (Tianjin, China). Two 0.2 mm thick square 304L stainless steel plates were employed as the anode and cathode current collector plates. The open ratio of anode current collector plate was 45% and the cathode one was 50%. The current collector plates were made by the laser-cut method. Then gold plating was added on the surface of the stainless steel plates to avoid the corrosion phenomenon. The method of gold plating was magnetron sputtering ion plating (MSIP) by JZCK-450 MSIP machine (Shenyang, China) which was manufactured by Shenyang Scientific Instrument Company (Shenyang, China). The thickness of the gold was 200 nm and was enough to provide good conductivity and corrosion resistance. The gaskets were made by the laser-cutter. The gasket's functions were preventing the leakage of reactant, keeping the anode and cathode from short circuiting and decreasing the assembly clamping force. Also, the material of the gaskets was silica gel. During test, the MEA was sandwiched between the anode and cathode current collector to form the core μ-DMFC. The PTFE was surface treated by precise laser cutter and the three round holes diameters were strictly controlled at 30 μm. Then the Nafion 117 membrane was attached to the PTFE. The Nafion-PTFE composite membrane was placed between the two chambers. The dual chamber anode structure was attached to the core μ-DMFC. The photograph of the whole μ-DMFC designed in this paper is shown in Figure 4 . The methanol solution's concentration was measured mostly by gas chromatograph. The gas chromatograph's model is SP-6890 made in Ruihong Chemical Instrument Inc., Shandong, China. The data measured by gas chromatograph is transported to chromatography data workstation made by Zhida information engineering Inc, University of Zhejiang, China. The discharging process of the μ-DMFC designed in this paper was recorded by the electronic loading (ITECH DC electronic load IT8811 by ITECH Electronic CO., LTD., Nanjing, China). Figure 5 shows the methanol solution-time curves in the dual-chamber μ-DMFC during experiment. The Nafion-PTFE composite membrane was employed as MTBL. The whole experiment was done at room temperature. During test, the HCC and LCC were respectively filled with 1 mL pure methanol solution and 1 mL 2 mol·L −1 methanol solution. The selection of the methanol solution's concentration in LCC was made according to Ge and Lu [15, 16] . The μ-DMFC was operating at open circuit condition with both chambers' inlets closed. The experimental results showed that the methanol's mass fraction in LCC increased from 6% (2 mol·L
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) to 15%. The mass fraction in HCC decreased from 100% to 91%. Though the mass fraction in HCC decreased very fast, it still remained at over 90%. The experimental results reveal that the Nafion-PTFE composite membrane reduced the pure methanol solution diffusion speed from the HCC to LCC. At the same time, the backflow of water from LCC to HCC was reduced.
The experimental results of dual-chamber μ-DMFC employed Nafion-PTFE composite membranes as MTBL is shown in Figure 6 . The μ-DMFC was operating at 30 mA constant current. Figure 6 displays that the dual-chamber anode μ-DMFC designed in this paper could discharge about 420 min. Then the performance started to decrease. Meanwhile, the μ-DMFC's concentration polarization happened and the performance was very low. The effective operating time is defined as the time while the voltage is above the 70% of initial voltage in this research. The stable operating time of dual-chamber μ-DMFCs was 440 min under the definition of this research. The mass fraction of methanol solution in HCC did not change very much. This means that the holes did not cause the water to flow back and wasting water. The methanol fraction in LCC remained appropriate for the reaction. Therefore the μ-DMFC was stable while Nafion-PTFE composite membrane was introduced as MTBL. The performance of conventional passive μ-DMFC with the same volume as the dual-chamber μ-DMFC was also tested to validate the supposition in Section 2. The conventional passive μ-DMFC was feed with 2 mol·L −1 methanol solution and the μ-DMFC was operating at 30 mA constant current.
The selection of concentration also depended on Ge and Lu [15, 16] . The contrastive result of dual-chamber passive μ-DMFC and conventional passive μ-DMFC was shown in Figure 7 . The stable operating time of conventional passive μ-DMFC was 190 min. Compared to conventional anode structure, the stable operating time of the μ-DMFC using dual-chamber anode structure is increased by nearly 2.3 times. This phenomenon indicates that the pure methanol solution in HCC supplied into LCC thus increasing the operation time. With the experimental results above, the supposition in Section 2 is validated. On the basis of the experimental results, these conclusions can be educed. Nafion-PTFE composite membranes could meet the demand of MTBL. Nafion-PTFE composite membrane makes methanol diffuse into the LCC more easily and increases the diffusion resistance of water to flow back to the HCC. The dual-chamber anode structure could extend the operating time and keep the methanol solution's concentration in LCC from increasing. In this method, the μ-DMFC's performance during long time discharge is more stable and the operating time is longer. The energy density of the μ-DMFC increased. However, the methanol of HCC stops supplying into the LCC while the methanol in HCC is not exhausted. This phenomenon is probably caused by the low liquid level in LCC. The liquid level falls below the holes of MTBL after 400 min. In this term, the methanol can not supply to the methanol solution. The concentration of methanol in LCC is not suitable for the μ-DMFC. Meanwhile, the output voltage is degraded.
Conclusions
In conclusion, a dual-chamber anode μ-DMFC structure is presented in order to make the μ-DMFC's performance stable and lengthen the operating time. Compared with the researcher's study on conventional passive μ-DMFC under the same condition, the operating time increases by nearly 2.3 times. A Nafion-PTFE composite membrane is proposed to meet the demand of MTBL. These results can be applied to real products. Though many experiments have been done, some problems still need to be further investigated. For instance, the methanol solution in the HCC is not exhausted, and so on. After some deep investigation, these problems will also be solved.
